When injected during the sensitive period in the last few hours of the molt cycle, EH evokes premature preSeattle, Washington 98195-1800 † Howard Hughes Medical Institute ecdysis and, subsequently, ecdysis behavior in Manduca larvae (reviewed in Truman, 1992). Our understandMassachusetts Institute of Technology Cambridge, Massachusetts 02139-4307 ing of ecdysis behavior has recently been complicated by two important discoveries. The first was the isolation of a second peptide, ecdysis-triggering hormone (ETH), which can also evoke premature pre-ecdysis and ecdySummary sis behaviors . The second was the finding that EH activates a network of central peptidergic The neuropeptide eclosion hormone (EH) is a key reguneurons that contain crustacean cardioactive peptide lator of insect ecdysis. We tested the role of the two (CCAP; Ewer et al., 1994) , a potent releaser of the ecdy-EH-producing neurons in Drosophila by using an EH sis motor program (Gammie and Truman, 1997b). cell-specific enhancer to activate cell death genes
and Perrimon, 1993) . The fused EH upstream and GAL4 examined in preparations of embryos, larvae, pupae, and adults. In progeny of experimental crosses C21 ϫ sequences (EHups-GAL4) were transferred into a w ϩ transformation vector (Thummel and Pirrotta, 1992) and UAS-lacZ, C23 ϫ UAS-lacZ, and C21 ϫ UAS-GFP, the EHups-activated reporters were expressed only in the injected into w 1118 Drosophila embryos. Numerous independent transformed w ϩ lines were obtained, 12 of two EH cells (Figures 1B and 1C) . No expression was detected in the progeny of w 1118 ϫ UAS-lacZ or w 1118 ϫ which were tested for expression of a UAS-lacZ reporter (Brand and Perrimon, 1993) in the CNS. Expression of UAS-GFP control crosses. EH expression normally is first detected in late stage lacZ in the EH cells was detected immunocytochemically in progeny carrying either the 2.4 kb or the 0.8 kb 15 to early stage 16 embryos (S. L. M., unpublished data). In the EHups-activated progeny, both ␤-galactosiEHups. The intensity of staining varied from very strong to moderate for both EHups constructs, and there was dase and GFP reporters were detected in the EH cells in stage 17 embryos, evidence that these reporters are no significant difference in the intensity of expression between them. Intense ␤-galactosidase immunostainactivated very shortly after the onset of expression of endogenous EH. ing was correlated with bright eye color in the transformants, consistent with insertion of transposons into favorable genomic sites. Several of the strongly exActivation of Cell Death Genes reaper and head involution defective in the EH Cells pressing lines that segregated single inserts were used to establish homozygous lines for further analysis. Lines
Results in Their Death
The UAS-rpr and UAS-hid responder strains were con-C21 and C23, which were transformed with the 2.4 kb EHups, were analyzed in detail. structed, respectively, by inserting a 0.9 kb EcoRI fragment containing a rpr cDNA (White et al., 1994 ) and a To test the 2.4 kb EHups (simply referred to hereafter as the EHups) for cell-specific expression, flies homozy-3.9 kb EcoRI fragment containing the hid cDNA (Grether et al., 1995) into the EcoRI site of pUAST (Brand and gous for the EHups-GAL4 transgene were crossed to responder strains carrying either UAS-lacZ (Brand and Perrimon, 1993 ) just downstream of a UAS element. Two transformed lines were obtained for UAS-rpr. Since one Perrimon, 1993) , UAS-Green Fluorescent Protein (UAS-GFP) or UAS-tau-GFP (Brand, 1995) , and expression was lethal, the other was used in the studies reported here. A single UAS-hid transformant line was obtained. of the reporters was determined in the heterozygous progeny ( Figures 1B and 1C) . ␤-galactosidase expresFlies homozygous for the EHups-GAL4 activator from lines C21 and C23 were crossed to homozygous UASsion was assayed both by histochemical staining of third instar larvae (Fernandes et al., 1991) and by immunorpr or UAS-hid flies, and the presence of the EH cells in CNSs from heterozygous progeny was assayed by staining of embryos and larvae. Expression of GFP was antibody selectively stained the EH neurons. No such staining was observed in any medial brain neuron in the EH cell knockouts (n ϭ 12 for C21 ϫ UAS-rpr; n ϭ 7 for C23 ϫ UAS-rpr; data not shown).
Effects on Viability and Visible Phenotypes in EH Cell Knockout Flies
We determined the effects of EHups-activated rpr and hid on viability and phenotype (Table 1) . EHups-activation of both rpr and hid resulted in semilethality, which was enhanced by elevated rearing temperatures (data not shown). Most of the EH cell knockouts died during the larval period, crawling out of the food and up the sides of the culture bottle before they died as though they were drowning. Most of the dying larvae had tracheal abnormalites; 80% (n ϭ 442) had dorsal trachea that were filled with fluid. Old tracheae were observed inside the new ones, suggesting that the death of these larvae was due to a defect in sloughing off the old tracheae or in filling the new tracheae with air. Surprisingly, a sizable proportion of the EH cell knockout progeny (30%-34%) went through larval life and eclosed as viable, fertile adults despite the loss of their EH neurons at least 6 days earlier during larval life. This result demonstrates that neither EH nor the EH cells are strictly required for either ecdysis or viability. Since EHups- hr, resulting in the pupal cuticle changing from a smooth to a grainy texture. About an hour before eclosion, the new tracheae in the head fill with air. Then, within about immunostaining for EH. The larval progeny showed an early loss of EH neurons ( Figures 1D, 1E , and 2). The 10 min, extension of the ptilinum ruptures the anterior end of the pupal cuticle. A major release of EH takes neurons were typically present at hatching but died during the first or second larval stages. No EH neurons or place shortly before ptilinum extension (J. D. B., unpublished data). Following rupture of the pupal cuticle, a axons were detected in third larval instar. In progeny of control crosses of w 1118 ϫ UAS-rpr or UAS-hid, the EH period of quiescence ensues. After about 40 min of quiescence, eclosion takes place. neurons were invariably present at all life stages (e.g., Figure 1E ).
Disruption of Pre-Eclosion Events and Eclosion
In normal flies, the eclosion motor program appears to have three major components, one in which the head During the period of cell loss, the EH neurons appeared to disintegrate progressively. Often, one EH cell expands to force open the operculum, a second in which the head is thrust out of the puparial case, and a third degenerated prior to the other ( Figure 2C ). The cell body typically disappeared first, leaving behind fragments of in which strong abdominal contractions propel the the body out of the pupal case. In the normal sequence neurites and axons ( Figure 2D ). The fragmented appearance of the EH cells during the period of cell loss indiof events, the late pharate adult moves forward in the puparium so that its head is closely apposed to the cated that we were observing the death of the cells, not simply loss of the EH peptide. By early third instar, no operculum, and then it begins a series of expansions of the dorsal head and ptilinum. The pharate adult rhythmiaxonal fragments remained (n ϭ 82). Loss of the EH cells was independently verified by staining pupal nervous cally inflates its head, using head and thoracic musculature to press the inflated head against the operculum, systems with an antibody directed against chaoptin (Zipursky et al., 1985) . In wild-type (J. W. T., unpublished the flap of puparial case that covers the head. Once the seams of the operculum rupture, head thrusts, thoracic data) and control w 1118 ϫ UAS-rpr (n ϭ 9) pupae, this EH cell knockout flies were generated by crossing flies from two independent homozygous EHups-GAL4 activator strains, C21 or C23, to flies from responder strains UAS-rpr or UAS-hid to produce progeny heterozygous for both EHups-GAL4 and UAS-rpr or UAS-hid. Unactivated control progeny were generated by crossing flies from the w 1118 stock with flies from the same responder strains. Eggs were collected and progeny were raised at 25ЊC. Percentages are averaged from 3-5 trials. Variations among trials for each genotype were not significant (p Ͻ 0.05).
contractions, and abdominal contractions move the fly cell knockout flies by time lapse video. Four classes of behavior were scored: (1) head expansion, in which forward so that the head protrudes from the puparial case. Once the head has emerged, abdominal contracrepeated, pulsatile expansions of the head lead to rupture of the operculum; (2) head thrusts, anteriorly ditions dominate the eclosion program. Each abdominal contraction bout consists of a short contraction followed rected extensions of the head that tend to follow operculum rupture and help to push the head out of the pupal by a long extension that moves the fly forward. Following a series of 6-7 consecutive contraction bouts, the new adult emerges from the puparium. Typically, about 6 s elapse between the emergence of the head and completed emergence of the fly. Under optimal conditions, the wings expand within 15 min of emergence (Johnson and Milner, 1987) .
We analyzed pre-eclosion and eclosion events in progeny of EHups-GAL4 ϫ UAS-rpr crosses in detail. The EH cell knockouts appeared to develop on schedule between pupariation and the onset of molting fluid resorption. The first defect was observed during pre-eclosion, when the timing of the inflation of the trachea relative to ptilinum extension was altered ( Figure 3A ). In both control groups (w 1118 homozygotes and heterozygous progeny of the cross w 1118 ϫ UAS-rpr), tracheal air filling typically occurred prior to or simultaneous with the start of ptilinum extension. In contrast, tracheal inflation was delayed in approximately a third of the EH cell knockouts (C21 or C23 ϫ UAS-rpr), which underwent ptilinum extension prior to the air filling of the tracheae. The difference between the grouped controls and the grouped knockouts was significant (G ϭ 32.5, p Ͻ 0.001).
The second pre-eclosion defect observed in the knockouts was a dramatic increase in the latency from ptilinum extension to adult emergence ( Figure 3B ). For w 1118 ϫ UAS-rpr controls, the average elapsed time was 76 min, nearly double the latency reported for Canton S wild-type flies (Kimura and Truman, 1990) . The average latency for C21 ϫ UAS-rpr flies (132 Ϯ 10 min) was almost twice as long as that of the w 1118 ϫ UAS-rpr controls (76 Ϯ 3 min). The variation shown among individuals was striking: most flies emerged with longer Eclosion behaviors were compared in control and EH Once the four behaviors became synchronized and strong, they culminated rapidly in eclosion. In contrast, among the EH cell knockouts, the bout organization of eclosion behavior was absent. The knockouts displayed the four characteristic eclosion behaviors; however, once the behaviors began, they were performed almost continuously without periods of quiescence. In addition, the behaviors generally appeared weaker in the EH cell knockouts than in the controls. The weakness of the motor activity may account for the extended duration of the eclosion period in the EH cell knockouts, which was on average 8.5 min (Ϯ 1.7 min; n ϭ 6), compared to 48 s (Ϯ 6.6 s; n ϭ 16) in controls. Despite these differences with the controls, the knockouts showed a similar trend for the four behaviors to become stronger and more synchronized just prior to emergence from the puparial case.
An analysis of the elapsed time for the occurrence of landmark eclosion events in the EH cell knockouts (Figure 4B) shows that the average interval between the onset of head expansion and operculum rupture was increased 20-fold over that of controls, and the interval from operculum rupture to emergence of the head was on average five times longer than in controls. Following head emergence, the phase from head emergence to completed eclosion averaged only 3-fold greater than controls.
The EH cell knockouts also exhibited a posteclosion defect-a failure to undergo the normal postemergence expansion and hardening of the adult cuticle. More than two thirds of the C21 or C23 ϫ UAS-rpr flies that eclosed as adults failed to undergo wing expansion (Table 1 ). The result was that flies retained a compressed thorax, (Pittendrigh, 1965) . When exposed to light-dark cybehavior.
cles, eclosion occurs primarily during the light phase, with a prominent burst of eclosion immediately following case; (3) thoracic contractions, lateral-to-medial conlights-on. When developing flies are transferred to the tractions, principally of the upper thorax, which also free-running condition of continuous darkness, a clear aid in head emergence; and (4) abdominal contractions, rhythm of eclosion is evident, showing a periodicity of strong pulsatile posterior-to-anterior contractions folabout 24 hr but lacking the prominent lights-on relowed by abdominal extensions that rachet the the sponse. Eclosion distributions in populations of flies that emerging adult forward and provide the major power lack EH neurons (C21 ϫ UAS-rpr) and controls (w 1118 ϫ stroke for emergence from the puparial case. By scoring UAS-rpr) were examined under conditions of both phothe number, elapsed time, and the time relative to eclotoperiod ( Figure 5A ) and continuous dark ( Figure 5B) . sion of the different behaviors, major differences were Under photoperiod conditions, eclosion of the EH cell revealed between control and knockout flies ( Figure 4A) . knockouts was concentrated in the light phase, but, For the w 1118 ϫ UAS-rpr controls, the four eclosion importantly, the knockouts differed from controls in that behaviors were organized in discrete bouts ( Figure 4A) . they lacked the prominent lights-on response. By conEach bout was followed by a quiescent period of about trast, cohorts of flies transferred into constant darkness a minute. The bout that produced operculum rupture displayed a robust free-running eclosion rhythm that also resulted in emergence at the end of that or the was essentially identical for the EH knockouts and the controls ( Figure 5B ). subsequent bout. Some behaviors were initially weak. 
EH Cell Loss Has No Effect on Posteclosion Effects of ETH on Ecdysis in Control and EH Cell Knockout Flies Death of Larval Abdominal Musculature
The observation that the EH cell knockout flies underand Neurons go ecdysis, although aberrantly, indicated that there Adult eclosion is normally followed within 24 hr by deare alternative ways to trigger ecdysis behavior. The generation of persistent larval muscles and neurons that recently discovered ETH from Manduca epitracheal have played a role in eclosion (Kimura and Truman, 1990;  glands was a candidate for such an Robinow et al., 1993) . The state of the larval abdominal alternative. In Manduca, injections of either EH or ETH musculature was examined in abdomens of newly eclointo pharate larvae lead to precocious ecdysis behavior sed adults, which still possessed larval muscles, and 24-hr-old adults, which normally do not (Kimura and Truman, 1990) , using polarized light microscopy. All of the persistent larval muscles had degenerated by 24 hr in both EH cell knockout (C21 ϫ UAS-rpr; n ϭ 6) and control (w 1118 ϫ UAS-rpr; n ϭ 3) flies. Larval abdominal neurons fated to die after metamorphosis, termed type II neurons, are characterized by high levels of nuclear expression of the A isoform of the ecdysone receptor (EcR-A) from early metamorphosis through the time that they begin apoptosis, at about 6 hr after eclosion (Robinow et al., 1993) . We used two approaches to assay the progression of death of these neurons in the EH cell knockouts. First, expression of EcR-A was examined in CNSs from newly eclosed flies and at 24 hr posteclosion ( Figure 6 ) by immunostaining with anti-EcR-A . Secondly, a set of CNSs from 6-hr-old adults was examined for dying neurons detected by TUNEL labeling (Gavrieli et al., 1992) . At eclosion, flies from all crosses had similar numbers of neurons expressing high levels of EcR-A in the abdominal CNS (n ϭ 4 for w 1118 ϫ UAS-rpr; n ϭ 9 for C21 ϫ UAS-rpr; n ϭ 4 for C21 ϫ UAS-hid). Similarly, at 6 hr posteclosion, both knockouts and controls showed extensive TUNEL labeling of abdominal neurons (n ϭ 2 for w 1118 ϫ UAS-rpr; n ϭ 3 for C21 ϫ UAS-rpr; n ϭ 4 for C21 ϫ UAS-hid). By 24 hr posteclosion, the strongly EH is not required for their degeneration.
pM of MasETH, about 1000-fold above the threshold dose needed to evoke eclosion in wild-type flies (J. D. B., unpublished data). As with the injection of EG extracts, injection of MasETH caused precocious eclosion in controls but was ineffective in the EH cell knockouts ( Figure  7B ). Saline-injected controls, uninjected controls, and the EH cell knockouts were unaffected by their treatments and, as expected, the knockout flies eclosed much later than controls. These data show that the EH neurons are essential for the ability of ETH to stimulate eclosion behavior in flies.
Discussion The Simplicity of the EH Expression Pattern Is Reflected in its Regulatory Region
Expression of eclosion hormone is limited to only two neurons in the Drosophila brain. The sequences sufficient for cell specificity of eclosion hormone expression are contained within an 840 bp sequence upstream of its transcriptional start site. The small size of this cellspecific enhancer-promoter complex likely reflects the simplicity of the EH transcription pattern: essentially constitutive expression (Riddiford et al., 1994) in only 
. Effects of Epitracheal Gland Extracts and ETH on Ecdysis in Control (w 1118 ϫ UAS-rpr) and EH Knockout (C21 ϫ UAS-rpr) Flies
one pair of cells (Horodyski et al., 1993 This study reports the novel use of targeted cell death to ablate peptidergic neurons for the purpose of assessing precocious eclosion with a latency of 58 min, compared to a 2 hr latency for those injected with the saline vehicle their function. This approach has worked well in the current application for several reasons. First, we were ( Figure 7A ). In contrast, C21 ϫ UAS-rpr flies showed no decrease in latency upon injection with EG extract. As able to define an upstream sequence that activated expression of cell killing reagents specifically in the cells expected, eclosion in both saline-and EG extractinjected C21 ϫ UAS-rpr flies was significantly delayed of interest. Second, the cell death genes used as killing reagents act cell autonomously (Hay et al., 1995; Nordin comparison to the w 1118 ϫ UAS-rpr controls. We also tested the ability of synthetic Manduca ETH strom et al., 1996; White et al., 1996) , ensuring that the effects we observed were due to the loss of our target (MasETH), the main eclosion-stimulatory peptide present in EG extracts 
EH Is Not Required for Ecdysis but Plays a Significant Role in Coordinating Normal Ecdysis
Ecdysis, one of the most complex processes in the life history of an insect, involves the coordination of devel- Riddiford, 1970) and was subsequently shown to act in a variety of insects and at all ecdyses (Truman et al., 1981) . Recently, portions of the EH gene have been to the lights-on signal. We have not rigorously tested the visual abilities of the knockout flies; however, they cloned from a broad array of insects (Horodyski, 1996) , providing further evidence of its widespread distribuexhibit a strong phototaxis response, suggesting that their deficit is specific to the ecdysis control pathway. tion. The only known function of EH is to stimulate eclosion, and studies in a number of Lepidoptera have
The phenotypes observed in the EH cell knockout flies are consistent with the hypothesis that EH and the EH shown that injection of EH is sufficient to initiate ecdysis (reviewed in Horodyski, 1996) . Our experiments consticells function primarily at ecdysis. Among the EH cell knockouts, larval lethality was associated with a failure tute a test of whether EH is necessary for ecdysis. Since about a third of the flies that lack EH cells were able to to shed the old tracheae and fill the new tracheae with air, both of which are ecdysial processes. Most of the complete development and eclose, we conclude that EH is not strictly required for ecdysis. However, the EH cell knockout flies that survive larval life go on to pupariate and develop normally up to the time of ptilinum phenotypes of the EH cell knockouts identify several unique roles for this neuroendocrine pathway in coordiextension. At adult eclosion, both pre-eclosion and eclosion phases are affected: coordination begins to break nating the organization of the behavior with developmental, environmental, and endocrine events. Our interdown during pre-eclosion, then during the eclosion phase, the latency to eclosion is expanded and behavpretation is that EH is not necessary for expressing components of the ecdysis motor program but instead ioral bouts are lost. Our knowledge of the neuroendocrine cascade that acts as a coordinating signal. Our results suggest that a neuromodulatory circuit confers a baseline of eclosion regulates ecdysis is based primarily on data from Manduca (Ewer et al., 1997; Gammie and Truman, 1997a) . and that EH coordinates that baseline function with intrinsic developmental factors and extrinsic factors such These data and our conclusions from our studies on Drosophila EH cell knockouts are summarized in Figure  as photoperiod.
Light is an environmental factor that is very important 8. Studies of larval ecdysis in Manduca suggest that the sequence of behaviors is initiated by low levels of ETH in determining the timing of eclosion (Pittendrigh, 1965) . Entrainment of the circadian clock by the light-dark cythat stimulate pre-ecdysis behavior. ETH has not yet been identified in Drosophila, but the ability of MasETH cle determines the time of peak eclosion displayed by a population of flies. In addition, an abrupt lights-on to stimulate fly eclosion ( Figure 7B ) suggests that a fly homolog almost certainly exists. In Manduca, the shift signal during this peak can stimulate a rapid burst of eclosion. In both moths (Truman, 1971 ) and flies (Engelto the ecdysis phase takes place as increasing levels of ETH stimulate EH release, which feeds back positively mann and Honegger, 1966) , these distinct effects of light work through different photoreceptor pathways:
to induce a massive surge of both EH and ETH (Ewer et al., 1997) . This relationship also appears to exist in an unidentified brain photoreceptor mediates circadian entrainment, while retinal photoreceptors (the comDrosophila, since injection of MasETH results in the rapid release of EH stores from the EH cells (J. D. B., pound eyes or ocelli) mediate the lights-on response. The behavior of the EH cell knockouts shows that not unpublished data). The transition to ecdysis behavior appears to depend on EH (Ewer et al., 1997) . In Manonly do these two effects of light work through two distinct photoreceptors, but they also utilize distinguishduca, EH excites a network of peptidergic neurons, resulting in the release of CCAP, which drives the ecdysis able neuromodulatory pathways. Without the EH cells, entrainment of the eclosion clock by photoperiod is normotor program (Gammie and Truman, 1997b at levels 1000ϫ above the normal threshold. The finding described here. These constructs and strains are also described by that flies that lack EH can still ecdyse, albeit with les- Zhou et al. (1997) .
sened vigor and coordination, suggests that the CCAP Flies were cultured at 25ЊC in a 14 hr light:10 hr dark cycle.
neurons (or their functional homologs) are responsive to multiple molt-related inputs.
Immunocytochemistry and Visualization of GFP
A significant feature of the neuroendocrine cascade
To test for ␤-galactosidase immunoreactivity, embryos were fileted depicted in Figure 8 is the sequential, stepwise activaand affixed to polylysine-coated coverslips. Larvae were cut in half and inverted prior to processing either as halves or as isolated tion of the peptide used for the next step. Hence, ETH
CNSs. For pupae and adults, only CNSs were processed. Samples increases excitability of the EH neurons (Ewer et al.,
were fixed in 4% formaldehyde in phosphate-buffered saline (PBS) 1997), and EH increases excitability of the CCAP neufor 1-2 hr at room temperature (RT) then washed Ն6ϫ 10 min in PBS, rons Truman, 1997a, 1997b) . Postecdysis 0.3% Triton X-100 (PBST). Tissues incubated with a horseradish behaviors such as wing inflation are suspected to be peroxidase (HRP)-conjugated secondary were first pretreated with controlled by the product of another unidentified neurocollagenase (Sigma type IV) at 0.5 mg/ml for 10 min at RT followed by a thorough washing. All samples were blocked in PBST conendocrine factor, possibly bursicon. We suggest that taining 1% of the appropriate serum (PBSTN) for a least 30 min at the frequent failure of EH cell knockout flies to inflate blocked as described above. They were labeled with a polyclonal anti-EH antibody (Copenhaver and Truman, 1986) at 1:200, followed by either biotinylated goat anti-rabbit secondary or FITC-conjugated Experimental Procedures donkey anti-rabbit secondary as described above. Samples that also expressed GFP were fixed and labeled with anti-EH as above,
Construction of Transposons and Transformed Fly Strains
then incubated with Texas red-conjugated donkey anti-rabbit secThe EHups fragments, a 2.4 kb SalI-XbaI and a 0.8 kb XbaI fragment, ondary (Jackson Immunoresearch) at 1:500 overnight at 4ЊC. respectively, were isolated from plasmid 131-6, derived from G2
To detect EcR-A immunoreactivity, samples were fixed and (Horodyski et al., 1993) . Each fragment was inserted into the pGaTB blocked as above, labeled with MAb 15G1a at vector (Brand and Perrimon, 1993) . pGaTB was cut with BamHI, 1:100, washed profusely, incubated in FITC-conjugated goat antithen insert and vector were blunt ended by filling in and ligated. mouse antibody at 1:1000 (Jackson Immunoresearch Laboratories, The EHups-GAL4 fusion was resected from pGaTB with SstII and Inc.), counterstained with propidum iodide at 4 g/ml, and viewed BamHI and subcloned into pCaSpeR4 (Thummel and Pirrotta, 1992) on the confocal microscope. For samples shown in Figure 6 , Z series cut with SstII and KpnI. The final EHups-GAL4 transposon was inwere taken of the dorsal 5 m of each ventral ganglion at 1 m jected into w 1118 embryos at 300 g/ml with pUChsgD2-3 (D. Rio, intervals. Each Z series was collapsed into one image using the personal communication) at 100 g/ml to obtain transformants. brightest pixel algorithm. For nervous systems that showed extraLines that segregated single insertions were isogenized for the incellular background fluorescence (detected in both FITC and Texas sert-bearing chromosome, and homozygous lines were established. red channels), a second Z series was taken using the Texas red The two lines reported on extensively here, C21 and C23, have filters, collapsed into a single image, and electronically subtracted independent second chromosome insertions.
from the FITC image. For the construction of UAS-rpr and UAS-hid, a 0.9 kb EcoRI All fixed samples were dehydrated and mounted in DPX (Fluka). fragment containing the rpr cDNA 40KA (White et al., 1994) and a 3.9 kb EcoRI fragment containing the hid cDNA subclone 5A1B (Grether et al., 1995) were inserted into the EcoRI site of pUAST
Testing for Lethal Effects and Visible Phenotypes
Embryos were collected on yeasted apple agar plates and scored for (Brand and Perrimon, 1993) . For transformation, each construct was mixed at a ratio of 10:1 with the p25.7wc transposase source hatching; first instar larvae were then tranferred to vials containing cornmeal agar food, where they were raised to adulthood. Puparia (Karess and Rubin, 1984) for a final DNA concentration of 1 g/ were scored in the vials. Newly eclosed adults were collected and Debris was pelleted by centrifugation, and the supernatant was blown dry with nitrogen. Samples were resuspended in Ephrussiscored daily, then held in separate vials and scored again a day later to verify the wing phenotype. All were raised at 25ЊC.
Beadle saline (Ephrussi and Beadle, 1936) . Heterozygous control (w 1118 ϫ UAS-rpr) and knockout flies (C21 or C23 ϫ UAS-rpr) were The nature of larval death was assessed among populations raised in bottles on cornmeal agar food. Knockout larvae from the collected at the late smooth/grainy stage from among pharate adults synchronized by collection at the white puparium stage. The pharate C21 ϫ UAS-rpr cross were collected from the sides of bottles and compared with control larvae of the same age that were in the food.
adults were mounted on double-stick tape, and the puparial case covering the head and anterior thorax was removed. Animals were Larvae were scored initially for tracheal defects with a dissecting microscope,and analysis was confirmed with a compound microinjected in the thorax with aliquots of either saline alone or saline that contained EG extract using a picospritzer (Narishige). Approximately scope. For closer examination of the tracheae, larvae were cut in half and inverted, the trachea trimmed away from other tissues, 5%-10% of the contents of one epitracheal gland was injected, an amount sufficient to stimulate eclosion in 100% of the wild-type flies mounted in saline, and examined immediately with a compound microscope.
(n ϭ 40) tested at the late smooth/grainy stage (J. D. B., unpublished data). The latency from time of injection to adult emergence was scored.
Scoring Pre-Eclosion and Eclosion Events and Behaviors
MasETH was synthesized at the Howard The time course of behaviors leading to eclosion was assessed in Hughes Macromolecular Synthesis Facility at the University of parallel in progeny of the control cross, w 1118 ϫ UAS-rpr, and the Washington. A dose-response study established its bioactivity for EHups-activated crosses, C21 or C23 ϫ UAS-rpr. Animals were wild-type flies (J. D. B., unpublished data). Approximately 2-20 collected as white puparia and aged approximately 96 hr at 25ЊC pmoles/animal, a roughly 1000-fold excess, was injected into paired prior to staging them as pharate adults. Staging was based on sets of control (w 1118 ϫ UAS-rpr) and experimental (C21 ϫ UAS-rpr descriptions in Kimura and Truman (1990) , beginning just after transand C23 ϫ UAS-rpr) flies at the smooth/grainy transition (Kimura port of the meconium to the posterior abdomen. Pharate adults and Truman, 1990) , about 2 hr earlier than for EG extract experiments were scored at 15 min intervals; eclosion was monitored continudescribed above. ously. The following stages were scored: grainy (active molting fluid resorption), grainy/white (head trachea inflated), extended ptilinum, and eclosion. Acknowledgments
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Tests of Lights-On Response and Circadian Rhythms
All flies were raised at 25ЊC under a 14:10 light-dark cycle. To test Received July 8, 1997; revised August 28, 1997. for the lights-on response, flies that eclosed during the dark period were collected 30-60 min prior to normal lights-on, then at hourly intervals during the day. Flies that were tested under free-running
